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include both work performed under contracts administered by the
Geological Survey and work by members of the Geological Survey.
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Seismic Monitor.ng of the Shumagin Seismic Gap, Alaska
# 14-08-0001-A0616

Geoffrey A. Abers
Lamont-Doherty Geological Observatory of Columbia University
Palisades, New York 10964
(914) 359-2900

Investigations

Seismic data from the Shumagin seismic network (Figure 1) were collected and processed to
obtain digital waveforms, origin times, hypocenters, and magnitudes for local and regional
earthquakes. The data are used for earthquake source characterization, determination of earth
structure, studies of regional tectonics, analysis of possible earthquake precursors, and seismic
hazard evaluation. Yearly bulletins are available starting in 1984 through 1990.

Results .

Shumagin network data were used to locate 137 earthquakes from January 1 to June 30, 1990,
bringing the total number of digitally recorded events in Shumagin network catalog to 5805 since
1982. The seismicity for the first half of 1990 is shown in map view on Figure 2 and in cross
section on Figure 3. Events shown by solid symbols are those events that meet the following
quality criteria: located by 8 or more P or S arrivals, vertical error from Hypoinverse less than 10
km, and horizontal error less than 5 km. Other events are shown by open symbols. These criteria
provide a rough indication of the location quality, and show that epicenters more than 100 km from
the nearest station are rarely well determined. Additional numerical tests of hypocenter stability
show that when the entire network is operating, shallow events west of 166°W, east of 156°W, or
seaward of the trench can not be reliably located. Also, depths of shallow earthquakes are only
well-determined beneath the Shumagin Islands.

Significant reconfiguration of the network took place in the summer of 1990, in an effort to
refocus network research while drastically reducing operating costs (Figure 1). Five short-period
instruments were removed, approximately 1/3 of the telemetered network: stations on Sanak Island
(SNK); False Pass, Unimak Island (FPS); northern Pavlof Volcano (PN6); a 3-component station
at Black Hills, northern Alaska Peninsula (BLH); and Ivanof Bay, in the NE (IVF). At the central
station, backup analog equipment was shut down and removed. The remaining network includes
primarily stations in the Shumagin Islands proper, where they can be sited as close as possible to
the Aleutian interplate thrust, and a few stations monitoring the Pavlof and Dutton Volcanos in
conjunction with the Alaska Volcano Observatory.

One significant improvement was made, to upgrade the central station at Sand Point to a
continuous digitally-recorded broad-band station. The instrument, a Guralp CMG-4, records
ground velocity at periods up to 20 s on 3 components. It is recorded separately from the
telemetered network, along with one station on Pavlof Volcano (PVV), at a continuous 20
samples/second. This instrument has provided high-quality records since late July, 1990, which
are being used for detailed source and propagation studies (e.g., Figures 4-5).

The overall pattern in Figures 2-3 resembles the long term seismicity. Seismicity is
concentrated near the base of the main thrust zone between 35 and 50 km depth, and immediately
above it within the overriding plate. Seismicity contours below 30 km depth parallel the volcanic
arc, rather than the trench, and become closer to the trench west of the network (Figure 2).
Seismicity appears to be sparse where the main thrust zone is shallower than 35 km, between the
Shumagin Islands and the trench. Deeper seismicity extends to depths of 200 km. Some locations
near 100 km depth on Figure 2 correlate with the lower plane of the double seismic zone seen in
long-term seismicity.
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The most significant activity in the Shumagin area has been in the outer-rise regions east and
west of the Shumagin segment. On July 27, 1990 a Mb 5.7 outer-rise event was recorded near the
trench, east of the Shumagin "gap” but seaward of the inferred nucleation point of the 1938
Ms=8.3 event (Figure 4). Sand Point broad-band seismograms from this event show a strong
radially-polarized phase on horizontal components (Figure 5), which has been modelled as a
surface refracted Sp phase. Teleseismic analysis shows that this event is 40-45 km deep and has a
thrust mechanism. To our knowledge this is the first outer-rise earthquake with a thrust
mechanism recorded anywhere in the Aleutians.
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Figure 1. Map of stations in the Shumagin Seismic Network, as of August 1990. Circles are
short-period telemetered stations, all vertical-component except for SGB which is 3-component.
Upright triangles are analog SMA-1 sites only; in addition, SMA-1's are co-located with stations at
SGB, BKJ, NGI, DLG, and DRR. Inverted triangles are telemetered 3-component FBA's; CNB
also has a vertical short-period seismometer. The square is the central station site at Sand Point,
where all data is recorded and the location of the broad-band instrument. In addition, digital
strong-motion instruments are operating at SAN and Dutch Harbor, Unalaska.
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Figure 3. Cross-section of all'Shumagin Network seismicity July-December 1990, located in Figure 2.
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Fig. 4. Location and mechanism of outer-rise
event of 7/25/90. Also shown is raypath to
broad band station SAI in Sand Point, where
seismograms in Fig. 5 are recorded.
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Fig. 5. Broad-band secismograms for outer-rise earthquake of 7/25/90, recorded at Sand Point. Rotated
to vertical, radial, and tangential (z,r,t) components. Note strong radial X1’ phase, tentatively
identified as a surface-refracted Sp phase from waveform modelling. Broad-band instrument is flat to
velocity between 2.0 and 0.05 Hz. 4
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Semi-Annual Technical Summary
October through March, 1991

Seismological Data Processing Project
9930-03354

Greg Allen, Moses Smith

U.S. Geological Survey
345 Middlefield Road
Menlo, Park, Ca. 94025

(415) 329-4695

This project provides services for UNIX -computers and PCs in the areas
of network management and maintenance, computer system management,
installation, backups, maintenance, and user assistance. There are
currently 19 UNIX computers in the Branch of Seismology: an

Integrated Solutions Inc., multi-user system; a SUN 4/280 fileserver;

6 SUN SPARCstation 1ls; 6 SUN 3/60 workstations; 2 SUN 3/50 workstations:
1 SUN 3/80 workstation; 1 SUN SPARCstation SLC; 1 SUN SPARCstation 2.
This project also maintains a NOVELL network of 7 PCs (MS-DOS),

for the branch administrative staff. The body of this report does not
contain investigations, results and reports, as these are not germain to
the nature of this project.

During the first 6 months of FY91 we provided the following serivces
for the Branch:

General user assistance with the use of UNIX systems.
Nightly incremental backups of the ISI and SUN computers.
» Monthly system backups of the SUN file server and the ISI computer.

Maintained RTP data system buffer service to Branch UNIX and VAX
computers.

Maintained the Branch Administrative Office’s Novell PC network.
Maintained and upgraded application software.
Arranged for various hardware repairs for the UNIX computers.

Extended the SUN data communication sub-net from building 7
to building 8.
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Moved the SUN 4/280 file server from the 2ond floor of building 8,
to the new computer room on the 1lst floor of building 7.

Upgraded the SUN 4/280 file server hardware by adding a 1 gigabyte,
SCSI disk, and 32 serial ports.

Upgraded the operating system of the SUN 4/280 and 2 SUN workstations
to SUN OS 4.1.1.

Have and are currently working with Tom Jackson, of the Consolidated
Digital Recording and Analysis Project, on preparing the new
computer room facilities.



Regional Seismic Monitoring Along The Wasatch Front Urban
Corridor And Adjacent Intermountain Seismic Belt

14-08-0001-A0621

W. J. Arabasz, R. B. Smith, J. C. Pechmann, and S. J. Nava
Department of Geology and Geophysics
University of Utah
Salt Lake City, Utah 84112
(801) 581-6274

Investigations

This cooperative agreement supports "network operations” associated with the University
of Utah’s 82-station regional seismic telemetry network. USGS support focuses on the seismi-
cally hazardous Wasatch Front urban corridor of north-central Utah, but also encompasses
neighboring areas of the Intermountain seismic belt. Primary products for this USGS support
~ are quarterly bulletins and biennial earthquake catalogs.

Results (October 1, 1990 - March 31, 1991)

General accomplishments. During the report period, significant efforts related to: (1)
design and acquisition of a distributed computer system (4 SUN Sparc 2 workstations with
optical-disk data storage) for processing and analysis of network data and data from portable
seismographs; (2) acquisition and testing of 4 REFTEK digital recorders for supplementing
regional-network data collection; (3) promoting, for the second time, a major initiative to the
Utah state legislature for modemizing seismic-network instrumentation in Utah; and (4) contin-
ued upgrading of site hardware and electronics at field stations that have been operating since
the mid-1970s.

Network Seismicity. Figure 1 shows the epicenters of 374 earthquakes (ML <34)
located in part of the University of Utah study area designated the "Utah region" (lat. 36.75°-
42.5°N, long. 108.75°-114.25°W) during the six-month period October 1, 1990 to March 31,
1991. The seismicity sample includes twelve shocks of magnitude 3.0 or greater (labeled in
Fig. 1) and six felt earthquakes (ML =34, 32, 3.1, 3.1, 3.0, 2.6).

The largest earthquake during the six-month report period was a felt shock of M, 3.4 on
February 21, 1991 (11:23 UTC), located 4 km west of Salina, in central Utah. Sixty percent
of the seismicity during the report period was associated with two areas of earthquake activity
located (i) north of the Great Salt Lake, approximately 40-90 km west of Logan (121 shocks,
0.8 £ M < 3.1), and (ii) in an area of ongoing coal-mining related seismicity, 20-90 km SW of
Price (98 shocks, 1.5 < M < 3.1).

Reports and Publications

Arabasz, W.J. (Editor) (1991). A Guide to Reducing Losses from Future Earthquakes in Utah:
"Consensus Document," Utah Geological and Mineral Survey, Misc. Pub. 91-1, 30 pp.

Nava, S.J. (1990). Earthquake Activity in the Utah Region, April 1 - June 30, 1990, Survey
Notes (Utah Geological and Mineral Survey) 24, 13.
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Nava, S.J. (1990). Earthquake Activity in Utah, July 1 - September 30, 1990, Wasatch Front
Forum (Utah Geological and Mineral Survey) 7, 3.

Pechmann, J.C. (1991). Plans for Replacement of Recording and Analysis Computers for the
University of Utah Regional Seismic Network (abs.), Seism. Res. Lett. 62, 23.
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Figure 1. Earthquake Activity in the Utah Region, October 1, 1990, through March 31, 1991.
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Partial Support of Joint USGS-CALTECH
Southern California Seismographic Network

#14-08-0001-A0613

Robert W. Clayton
Egill Hauksson

Seismological Laboratory,
California Institute of Technology
Pasadena, CA 91125 (818-356-6903)

INVESTIGATIONS
This Cooperative Agreement provides partial support for the joint USGS-Caltech
Southern California Seismic Network. The purpose is to record and analyze data from
local earthquakes and generate a data base of phase data and digital seismograms. The
primary product derived from the data base is a joint USGS-Caltech catalog of earthquakes
in the southern California region.

For more detailed information about data access, please contact:
Dr. Kate Hutton at (818)-356-6959;
or with E-mail: kate@bombay.gps.caltech.edu.

RESULTS

Seismicity

The Southern California Seismographic Network (SCSN) recorded 4691
earthquakes during the six months from October 1990 through April 1991, an average of
670 per month, making it an unusually quiet reporting period (Figure 1).

There was only one event of M] >4.0 in California during the last six months. This
M] 4.2 earthquake occurred on 18 December 1990 and was located in the eastern San
Joaquin Valley, 8 miles east of Bakersfield. The second largest earthquake that occurred
during this reporting period was an MJ 3.8, located in the Costa Mesa area, near the
Newport-Inglewood fault at the southern edge of the Los Angeles basin, at 1721 GMT
on October 17, 1990. Both events were followed by a few aftershocks. Only one
earthquake of M>3.5 occurred during the first 4 months of 1991.

During the last six months the prominent areas of microseismicity were the usual
ones: the Coso and Kern River areas, the San Jacinto fault, the southern Elsinore fault,
the Imperial Valley and the San Bernardino and Little San Bernardino Mountain areas.
Aftershocks continued at a rate clearly higher than background in the Oceanside
sequence (M[,5.3 on July 13, 1986) and the Coalinga sequence (M] 6.3 on May 3,
1983).

Focal Mechanisms

The focal mechanism for earthquakes of M>3.5 are shown in Figure 2. A total of 7
events of M>3.5 were recorded in California from 1 October 1990 to 30 April 1991 and
reliable focal mechanisms could be determined for 6 events. The one M] 3.5 event (31
January 1991) for which a focal mechanism was not determined, occurred at a shallow
depth (probably less than 1 km) in the Orcutt Qil Field in the Santa Maria basin. This



event was most likely induced in the oil field. The My 4.2 Bakersfield event (18
December 1990) showed a mixture of strike-slip and normal faulting. The MJ 3.8 Costa
Mesa event (October 17, 1990) also showed a mixture of strike-slip and normal faulting.
Three events showing strike-slip faulting occurred in the San Bernardino Mountains.
One event (14 December 1990) showing strike-slip faulting was recorded north of the
Coso Geothermal Area.

Weekly Seismicity Report

In January 1990, the Seismographic Network initiated a weekly seismicity report,
patterned after a similar report issued by the U.S. Geological Survey in Menlo Park.
The language of the "earthquake report" is aimed at the general public. So far, the report
has been enthusiastically received. A few members of the local media have started
basing regular news features on it.

TABLE . Locations and Focal Mechanisms of M>3.5 Earthquakes that
Occurred During January - September 1990

Origin - Time Latitude Longitude Depth Mag  Focal Mechanisms

Day uUT N W km ML .Ddir Dip Rake
901018 1721 56.08 33-38.74  117-53.43 5.11 3.8 95 75 -150
901109 0711 20.00 34-25.23 116-48.88 421 3.5 115 80 0
901214 1422 33.05 36-33.60 117-55.82 6.00 3.6 330 60 -20
901217 1744 21.22 34-12.20 117- 1.64 6.74 3.7 310 45 0
901218 1656 43.14 35-22.05 118-50.53 5.53 4.2 185 80 -140
910308 0927 35.56 34- 8.71 116-43.26 10.73 3.7 70 90 170

Publications Using Network Data (Abstracts excepted).

Hauksson, E., and S. Gross, Source parameters of the 1933 Long Beach earthquake,
Seismol. Soc. Am., Bull., 81, 81-98, 1991.

Michael, A. J., Spatial variations in stress within the 1987 Whittier Narrows, California,
aftershock sequence: New techniques and results, J. Geophys. Res., 96, 6303-
6319, 1991.

Mori, J., Estimates of velocity structure and souce depth using multiple P waves from
aftershocks of the 1987 Elmore Ranch and Superstition Hills, California,
earthquakes, Seismol. Soc. Am., Bull., 81, 508-523, 1991.

Su, F., K. Aki, and N. N. Biswas, Discriminating quarry blasts from earthquakes using
coda waves, Seismol. Soc. Am., Bull., 81, 162-178, 1991.

Wesnousky, S. G., Seismicity as a function of cumulative geologic offset: Some
observations from southern California, Seismol. Soc. Am., Bull., 80, 1374-1381,
1990.
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Figure 1. Map of epicenters of earthquakes in the southern California region,
1 October 1990 to 30 April 1991.
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1. Regional Seismic Monitoring in Western Washington
and
2. Seismic Monitoring of Volcanic and Subduction Processes in Washington and Oregon

1. 14-08-0001-A0622
2. 14-08-0001-A0623

R.S. Crosson, S.D. Malone, A.l. Qamar and R.S. Ludwin
Geophysics Program
University of Washington
Seattle, WA 98195
(206) 543-8020
October 1, 1990 - March. 31, 1991

Investigations

Operation of the Washington Regional Seismograph Network (WRSN) and routine
preliminary analysis of earthquakes in Washington and Northern Oregon continue under
these contracts. Quarterly bulletins which provide operational details and descriptions of
seismic activity in Washington and Northern Oregon are available from 1984 through the
first quarter of 1991. Final published catalogs are available from 1970, when the network
began operation, though 1986.

The University of Washington operates 76 stations west of 120.5°W under these
agreements, 28 are supported under A0622, 46 under A0623, and 2 are operated jointly.
Station locations are shown as small triangles in Fig. 1. This report includes a brief sum-
mary of significant seismic activity. Additional details are included in our Quarterly bul-
letins.

Network Operations

In August and September 1990, under JOA 14-08-0001-A0623, we installed 4 new
stations in Oregon (HBO, DBO, MPO and HSO). Patrick McChesney, a new technician
who is stationed in Vancouver WA, was hired to maintain stations at Mt. St. Helens and
in Oregon.

To improve our ability to function in emergency situations the University provided
us with an uninterruptible power supply (UPS). To improve access to digital trace data,
we are copying our "master” 9 track, 1600 bpi tapes of digital trace data to exabyte tape
cartridges, and we developed software to facilitate recovery of data files. To improve
communication with other agencies, we implemented a public update service. Anyone on
internet can access the most current information on seismic activity. The utility "finger
quake@ geophysics.washington.edu” gives locations of significant Pacific Northwest earth-
quakes during the past several days, several of the the most recent WRSN locations, and
the most recently received NEIS QED locations. The same service is available by dialing
our main computer (206) 685-0889 and logging in as "quake" with password "quake".

Seismicity

Figure 1 shows earthquakes (M, = 0) located in Washington and Oregon during this
reporting period. Excluding blasts, probable blasts, and earthquakes outside the U. W.
network, a total of 748 earthquakes west of 120.5°W were located between October 1,
1990 and March 31, 1991. Of these, 354 were located near Mount St. Helens, which has
not erupted since October of 1986. East of 120.5°W, 49 earthquakes were located.

There were five earthquakes reported as felt west of Cascades, and three reported as
felt to the east of the Cascades. None of these were damaging. The largest earthquakes
in this reporting period were two at M, 3.5. The first was on October 19, felt on Mt.
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Hood, and located at a depth of ~ 6 km. It was one of 24 earthquakes (all but two smaller
than M, 1.7) that occurred during a three-hour swarm of activity that day. The other M,
3.5 earthquake was on December 30, at a depth of ~ 17 km, and was felt at North Bend,
east of Seattle.

Network Review

During 1990, the USGS conducted a review of all the networks which it funds. As
part of the review process, we wrote a summary report which covers operational aspects of
our network data acquisition and processing, and reviews a number of network-related
research projects, carried out here at the University of Washington. Copies of this over-
view are available from the University of Washington.

Publications

Barker, S.E. and S.D. Malone, (in press), Magmatic system geometry at Mount St.
Helens modeled from the stress field associated with post-eruptive earth-
quakes, JGR.

Crosson, R.S, S.D. Malone, and R.S. Ludwin, 1990, Washington Regional Seismo-
graph Network - Major scientific accomplishments and Operations, Univer-
sity of Washington.

Ludwin, R. S., S.D. Malone, R.S. Crosson, A.I. Qamar, 1991, Washington Earth-
quakes 1985, in Stover, C.W and L.R. Brewer, U.S. Earthquakes, 1985,
U.S.G.S. Bulletin 1954.

Ludwin, R. S., S.D. Malone, R.S. Crosson, A.I. Qamar, (in press), Washington
Earthquakes 1986, in U.S. Earthquakes

Ludwin, R. S., S.D. Malone, R.S. Crosson, A.I. Qamar, (in press), Washington
Earthquakes 1987, in U.S. Earthquakes

Ludwin, R. S,, S.D. Malone, R.S. Crosson, A.I. Qamar, (in preparation), Washington
Earthquakes 1988, in U.S. Earthquakes

Ludwin, R. S., S.D. Malone, R.S. Crosson, A.L. Qamar, (in preparation), Washington
Earthquakes 1989, in U.S. Earthquakes

Ludwin, R. S, C.S. Weaver, and R.S. Crosson, (in press), Seismicity of Washington
and Oregon, in: Slemmons, D.B.,, E.R. Engdahl, D. Blackwell and D.
Schwartz, editors, Decade of North American Geology associated volume
CSMV-1; Neotectonics of North America.

Ma, Li, R.S. Crosson, and R.S. Ludwin, (submitted), Preliminary Report on Focal
Mechanisms and stress in western Washington, in: USGS Professional Paper
"Assessing and Reducing Earthquake Hazards in the Pacific Northwest")

Malone, S.D., 1990, Mount St. Helens, the 1980 re-awakening and continuing seismic
activity, Geoscience Canada, V 17, N. 3, pp. 146-150.

Thompson, K.I., (in preparation), Seismicity of Mt. Rainier - a detailed study of
events to the west of the mountain and their tectonic significance,

Weaver, C.S., R.D. Norris, and C. Jonientz-Trisler, 1990, Results of Seismological
monitoring in the Cascade Range, 1962-1989, earthquakes, eruptions,
avalanches, and other curiosities, Geoscience Canada, V. 17, pp. 158 - 162.
BSSA.

Univ. of Wash. Geophysics Program, 1991, Quarterly Network Report 90-D on
Seismicity of Washington and Northern Oregon

Univ. of Wash. Geophysics Program, 1991, Quarterly Network Report 91-A on
Seismicity of Washington and Northern Oregon

Abstracts

Johnson, P.A,, and S.D. Malone, 1991, Cluster analysis of eastern Washington
seismicity: a new algorithm, results and geologic correlations, Seismol. Res.
Lett. V. 62, p. 47.s. Lett. V. 62, p. 47.

Jonientz-Trisler, C., C. Driedger, and A.l. Qamar, 1990, Seismic signatures of debris
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flows on Mt. Rainier, WA, EOS, V. 71, No. 36, p 1068.

Jonientz-Trisler, C., and C. Driedger, 1990, Seismic evidence of historic debris flows
and dry season floods on Mount Rainier, Washington, 1961-1990, EOS, V.
71, N. 41, p 1145.

Malone, S.D., 1991, The Hawk seismic data acquisition system, Seismol. Res. Lett.,
V. 62, p. 23.

Malone, S.D., A. Qamar, and C. Jonientz-Trisler, 1991, Recent seismicity at Mount
Rainier, Washington, Seismol. Res. Lett., V. 62, p. 25.

Moran, S. C., and S.D. Malone, 1990, Focal mechanism solutions from recent earth-
quakes in the deeper magm atic system at Mt. St. Helens, EOS, V. 71, N. 41,
p. 1145.

Moran, S.C., and S.D. Malone, 1990, Pre-1980 seismicity at Mt. St. Helens: is the
past the key to the present, EOS, V. 71, N. 36, p 1067.

Nabelek, J.,, K. Werner, R. Yeats, and S. Malone, 1990, The August, 1990, Wood-
burn, Oregon earthquake sequence: constraints from broadband regional
recording and geological implications, EOS, V. 71, N. 41, p. 1145.

Qamar, A. and J. Zollweg, 1990, The 1990 Deming Washington earthquakes: a
sequence of shallow thrust earthquakes in the Pacific Northwest, EOS, V. 71,
N. 41. p 1145.
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Figure 1. Map view of Washington and Oregon showing locations of earthquakes (M. 2 0) that
occurred between October. 1, 1990 and March 31, 1991. Triangles designate seismic
stations operatcd by the WRSN.
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Central California Network Operations
9930-01891

Wes Hall
Branch of Seismology
U.S Geological Survey
345 Middlefield Road-Mail Stop 977
Menlo Park, California 94025
(415)329-4730

Investigations

Maintenance and recording of 343 seismograph stations (444 components) located in Northern and

Central California. Also recording 68 components from other agencies. The area covered is from the

Oregon border south to Santa Maria.

Results
1. Bench Maintenance Repair
A. seismic VCO units 105
B. summing amplifiers 1
C. seismic test units 2
D. VO2H/JO2L VCO Units 36
E. DC-DC Converters 3
2. Production/Fabrication
A. J512A VCO units 43
B. J512B VCO units 8
C. summing amplifier units 20
D. dc converter/regulators 28
E. V02H/VO2L Units 21
3. Rehabilitation: VCO enclosures 28
4. Discriminator Tuning: J120 discriminators 52
5 Equipment Shipped: J512A VCO for HVO 10
6. Ordered and load components on 100 ea additional J512 VCO's
7. New seismic stations: JJR (Joaquin Road); LPK (Park); LRB (Red Bank); GRO (Round
Mountain); LPG (Panther Gulch); LVR (Valentine Ridge).
8. Stations deleted: HPR (Peckam Road); HFH (Flint Hills); HKR (Kinkaid Ranch); BSCE,
BSCN, BSCV, BSCZ (Stone Canyon),
9. Completed RFP for "Repair, Modify, Calibrate and Perform Quality Control Checks on Seismic
Instruments".
10. Contract award and completion of 30 day training for two seismic field technicians from the
Bendix Corporation.
11. Fabricate 256 channel interface for Tustin Digitizer to Cusp.
12. Fabricate 256 channel interface for PC computer system.
13. Discontinued recording on one Develocorder.
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Cooperative New Madrid Seismic Network

14-08-0001-G1922 14-08-0001-G1923
R. B. Herrmann A. C. Johnston, J. M. Chiu
Department of Earth Center for Earthquake
and Atmospheric Sciences  Research and Information
Saint Louis University Memphis State University
3507 Laclede Avenue
St. Louis, MO 63103 Memphis, TN 38152
(314) 658-3131 (901) 678-2007

Purpose

The object of this effort is to upgrade the regional seismic networks in
the central Mississippi Valley to provide the data sets necessary for future
research in the earthquake process and in earthquake generated ground
motion.

In order to accomplish this, the satellite telemetry capability of the US
National Seismic Network will be used to communicate between central data
collection points at Memphis and St. Louis and the intelligent regional
seismic network nodes to be placed at five sites in the region.

Major tasks involve the design and implementation of the data centers,
the regional nodes at satellite uplink points, and the seismic sensors in the
field. Data will be transmitted from the sensors to a node using all digital
telemetry, 20 and 24 bit, to the extent possible with the present funding. The
final network will consist of 5 nodes, each collecting data from a broadband
sensor, an accelerometer and three-component seismometers.

Progress to Date

Major emphasis has been on the design of the regional nodes. This has
melded with a complementary effort to replace the PDP 11/70 and PDP 11/34
data processing and collection systems. The off line data processing has been
moved to a SUN 4, with the ability to process all previously archived PDP
11/70 data tapes. Since the replacement of the PDP 11/34 and the develop-
ment of the regional node have very similar requirements, the 11/34 replace-
ment will provide the heart of the regional node.

The following decisions have been made:

1. To replace the PDP 11/34, an Intel based 486 PC will be used. This will
have a 150 mB ESDI drive, VGA adapter, ethernet connection, and mouse. A
16 bit A/D will be used together with a Sprengnether 128 channel multiplexer
board. The VenturCom real time VENIX/386 operating system will be used
with the added benefit of supporting UNIX, NFS, a DOS emulator and
X11R3.
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2. The regional intelligent data collection nodes will run the real time OS/9000
operating system with similar hardware.

3. A USNSN satellite dish has been installed at Saint Louis University,
Memphis State University and at one regional node site at Marked Tree,
Arkansas.

Future Plans

The PC based PDP 11/34 replacement will be in operation in July. Details
will be given to other users of the original PDP 11/34 - PDP 11/70 systems.

The first field uplink will be at New Madrid, and will be functional in
October, 1991.

The project will be complete in August, 1992.
Publications

Haug, E. J., R. B. Herrmann, and J.-M. Chiu (1991). The cooperative New
Madrid Seismic Network - implementation of the regional nodes (abs),
Seism. Res. Letters 62, 33.
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Next Generation Seismic Studies of the New Madrid Seismic Zone
#14-08-0001-G1534

Arch C. Johnston and Jer-Ming Chiu
Memphis State University
Center for Earthquake Research and Information
Memphis, TN 38152
901-678-2007

Robert B. Herrmann
Department of Earth and Atmospheric Sciences
Saint Louis University
3507 Laclede
St. Louis, MO 63103
314-658-3131

Investigations

Since mid-October 1989, the 40 three-component PANDA (Portable Array for Numer-
ical Data Acquisition) stations have been deployed in the central New Madrid seismic zone
(NMSZ) in 2- to 6-km interstation spacings. More than 500 earthquakes with magnitude
ranging from -2.0 to 4.6 were on-scale recorded by PANDA during the first 19 months of
field operation. The onset of P and S arrivals can be unambiguously determined from the
vertical and two horizontal components, respectively, to obtain accurate and reliable earth-

quake locations that are otherwise impossible using data from regional seismic networks
alone.

Results

Three-component digital seismograms collected in the region by PANDA are charac-
terized by (1) very weak direct S arrivals on the vertical component, which can, however,
be identified unambiguously from the two horizontal components, and (2) at least two
prominent secondary arrivals between the direct P and S arrivals, one (Sp) dominant on
the vertical component and the other (Ps) with smaller amplitude on the two horizontal
components (Figure 1). Travel time differences between the Sp and S and between the
P and Ps are the same from different earthquakes to the same station and are different
between stations. Polarization analyses of three-component seismograms and travel time
measurements confirm the interpretations that these two secondary arrivals are the P to
S (Ps) and S to P (Sp) converted waves that occurred at the bottom of the sedimentary
cover beneath each station. Therefore, travel time differences between the direct and the
converted waves are used to calculate the depth to the bottom of the unconsolidated sed-
iments beneath each station by assuming almost vertical raypaths for the direct and the
converted waves. A three-dimensional representation of the geometry of the sedimentary
basin in the upper Mississippi embayment is thus constructed by contouring the convert-
ing point beneath each PANDA station. The Tertiary boundary of the embayment was
digitized and used to define the outer boundary of the sedimentary basin (Figure 2). In
general, the geometry of the bottom of the sedimentary basin is very smooth except for
the central portion where the contact between the sedimentary basin and the underlying
Paleozoic sedimentary rock is disturbed. This disturbed area coincides with the upward
extension of the southwesterly dipping fault zone (~ 52° dip angle) and may represent
results of recent tectonic activities from the underlying rift system.

Unlike the broad and almost vertical fault zone extending to lower crust determined
by many previous studies in the region, cross-sectional views of the new data clearly define
a narrow inclined fault zone with ~ 52° dipping in the southern and ~ 37° in the north
toward southwest direction extending from beneath the sedimentary basin (~ 0.6 km) to
about 13 km depth. In contrast to the central NMSZ. the northern end of the southwestern
segment and the southern end of the Northeast segment of the NMSZ are characterized by
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almost vertical fault zone that intersects with the central zone around Ridgely, Tennessee,
and around New Madrid, Missouri respectively, where seismicity are the highest in the
region. Over the 19 months of PANDA operation, seismicity shows a seasonal pattern that
can be correlated with the fluctuation of regional water level. Such correlations may suggest
that seasonal variations of regional hydroinduced pressure in the upper crust due to water
level changes on the surface may play an important role in the generation of earthquakes in
the central NMSZ. Three-dimensional velocity inversions for P and S waves are calculated
independently to investigate velocity structures in the upper crust. Preliminary inversion
results suggest a P-wave low velocity zone at depth between 2.5 and 5 km which may be
associated with clastic sediment filling the graben. Earthquakes were relocated using the
new velocity model after inversion. Figure 3 shows several representative cross sectional
views of the central NMSZ using data base located by regional network model (regional),
Walter Mooney’s velocity model (old), and the new velocity model obtained from velocity
inversions. The linear fault zone features have been significantly improved when new
velocity model is used. The fault zone geometry in the central NMSZ show a very clear
correlation and response to the dirction of the pinching northeastern segment NMSZ in
the north and the southwestern segment NMSZ in the south.

Reports

Bataille, K. and J.M. Chiu, Polarization analysis of high-frequency, three-component seis-
mic data, Bull. Seismo. Soc. Am., v. 81, no. 2, 622-643, 1991.

Chen, K.C., J.M. Chiu, Y.T. Yang, S.C. Chiu, A.C. Johnston, and the PANDA Group,
Three-dimensional geometry of the sedimentary basin and its tectonic implications in
the upper Mississippi embayment: results from the PANDA experiment, EOS, v. 71,
no. 17, p. 264, present at the Spring AGU meeting, 1991.

Chiu, J.M., G. Steiner, R. Smalley, and A.C. Johnston, PANDA: a simple, portable seismic
array for local- to regional-scale seismic experiments, Bull. Seismo. Soc. Am., v. 81,
no. §, 1991.

Chiu, J.M., G. Steiner,R. Smalley, A.C. Johnston, and the PANDA Group, The PANDA
II - a PC-based seismic array, presented in the ESSA meeting, Oct., 1990.

Chiu, J.M., A.C. Johnston, and the PANDA Group, The September 26, 1990, Md=4.8,
Cape Girardeau Earthquake and its aftershocks, presented in the ESSA meeting, Oct.,
1990.

Chiu, J.M., K.C. Chen, Y.T. Yang, S.C. Chiu, A.C. Johnston, and the PANDA Group, A
high-resolution PANDA experiment in the central New Madrid seismic zone, EOS, v.

71, no. 43, p. 1435, presented in the Fall AGU meeting, 1990. presented in the ESSA
meeting, Oct. 1990.

Chiu, J.M., K.C. Chen, Y.T. Yang, S.C. Chiu, A.C. Johnston, and the PANDA Group, A
high-resolution PANDA experiment in the central New Madrid seismic zone, invited
talk in the GSA meeting, Oct. 1990.

Chiu, J.M., K.C. Chen, Y.T. Yang, S.C. Chiu, A.C. Johnston, and the PANDA Group, A
high-resolution PANDA experiment in the central New Madrid seismic zone, presented
in the ESSA meeting, Oct. 1990

Yang, Y.T., J.M. Chiu, Z.S. Liaw, K.C. Chen, S.C. Chiu, A.C. Johnston, and the PANDA
Group, Fault zone geometry and crustal velocity structures in the central New Madrid

seismic zone using the PANDA data, EOS, v. 71, no. 17, p. 264, present at the Spring
AGU meeting, 1991.
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Figure 1. A typical three-component digital seismogram recorded by the PANDA
station in the New Madrid seismic zone. Cearly direct P, S, and
converted Ps and Sp can be identified.
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Figure 3. Two representative cross-sectional views of the central New Madrid seismic
zone, A-A’ (top three) in the north and B-B’ (bottom three) in the south. Map
views of the seismicity determined from the PANDA array and locations of A-A’
and B-B’ are shown in the left. Data used to construct (3a) and (3b) are PANDA
- locations (Oct. 1989 - May 1991) determined by a new velocity model obtained from
3-dimensional P and S velocity inversions and by a velocity model determined from
seismic reflection/refraction data by Mooney and Andrews (1984) respectively. Data
used in (3c) are the regional seismic network data (June 1974 - Dec. 1990). 1t is clear
that data quality has been improved dramatically from (3c) to (3b), and from (3b)
to (3a). The fault zone dips about 52% in the B-B’ section and about 37° in the A-A’

section,
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Central Aleutians Islands Seismic Network

Agreement No. 14-08-0001-A0259

Carl Kisslinger, Julie Hill, and Bruce Kindel
Cooperative Institute for Research in Environmental Sciences
Campus Box 216, University of Colorado
Boulder, Colorado 80309

(303) 492-6089

Brief Description of Instrumentation and Data Reduction Methods

The Adak seismic network consists of 13 high-gain, high-frequency, two-component
seismic stations and one six-component station (ADK) located at the Adak Naval Base. Sta-
tion ADK has been in operation since the mid-1960s; nine of the additional stations were
installed in 1974, three in 1975, and one each in 1976 and 1977.

Data from the stations are FM-telemetered to receiving sites near the Naval Base, and
are then transferred by cable to the Observatory on the Base. Data were originally recorded
by Develocorder on 16 mm film; since 1980 the film recordings are back-up and the primary
form of data recording has been on analog magnetic tape. The tapes are mailed to CIRES
once a week.

At CIRES, the analog tapes are played back through an analog-to-digital (a-to-d) con-
verter into a computer at four-times the speed at which they were recorded. This computer
then digitizes the data, automatically detects events, demultiplexes each event, and writes
them to disk. These events are edited to eliminate spurious triggers, and a tape containing
only seismic events is created. All subsequent processing is done from this tape. Times of
arrival and wave amplitudes are read from an interactive graphics display terminal. The
earthquakes are located using a program originally developed for this project by E. R. Eng-
dahl, which has been modified several times since.

Data Annotations

The scheduled maintenance trip for the summer of 1990 was not made, due to medical
problems of contract personnel. By October, 1990 most of the stations were down and the
events that were recorded could not be located. The decision was made to shut down the net-
work until the maintenance trip could be made in the spring of 1991. Since then, the U.S.G.S.
decided to permanently shut down the network. A final field trip to Adak will be made this
summer in order to retrieve all equipment and restore the station sites.

Current Observations

All analog data have now been digitized. Some of the older data (early 1980s) that
were archived on to 9-track tapes have been lost because of the natural deterioration of these
tapes with age. For this reason, all archived data are now being transferred to Exabyte tapes,
which supposedly have a longer shelf life and require significantly less storage space. All
1990 events have been located and the primary emphasis for the remainder of the contract
will be on filling in the data gaps that exist because of the work load resulting from the May
1986 earthquake.

The location work for this report includes: (1) 188 earthquakes located for April and
May, 1989; (2) 218 earthquakes located for October through December, 1989; (3) 77 earth-
quakes located for January and February, 1990; and, (4) 239 earthquakes located for June
through September, 1990.
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The total of events located for all time periods is 722. Fifteen of the 1989 events and
ten of the 1990 events, which were located with data from the Adak network, were also large
enough to be located teleseismically (U.S.G.S. PDEs). The epicenters of the 1989 and 1990
events are shown in Figures 1 and 2, respectively.

Cross-sections for the 1989 and 1990 data and a catalog of all hypocenters determined
for the time period reported are included in our Semi-Annual Data Report to the U.S.G.S.
Recent research using these data is reported in the Technical Summary for U.S.G.S. Grant
No. G1368.
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Figure 1: Map of seismicity located for April through December, 1989. Events located for
this report include April and May, and October through December, 1989. All epicenters were
determined from Adak network data. Events marked with squares are those for which a
teleseismic body-wave magnitude has been determined by the U.S.G.S.; all other events are
shown by symbols which indicate the duration magnitude determined from Adak network
data. The islands mapped (from Tanaga on the west to Great Sitkin on the east) indicate the
geographic extent of the Adak seismic network.
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in Figure 1.
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Alaska Seismic Studies
9930-01162

John C. Lahr, Christopher D. Stephens,
Robert A. Page, Kent A. Fogleman
Branch of Seismology
U. S. Geological Survey
345 Middelfield Road
Menlo Park, California 94025
(415) 329-4744

Investigations

1) Cooperated with the Geophysical Institute of the University of
Alaska (UAGI) and National Earthquake Information Center (NEIC) in
the operation of the Alaska Earthquake Information Center (AEIC) in
Fairbanks. Continued collection and analysis of data from the
high—-gain short-period seismograph network extending across
southern Alaska from the volcanic arc west of Cook Inlet to Yakutat
Bay, and inland across the Chugach Mountains.

2) Cooperated with the Branch of Igneous and Geothermal
Processes, UAGI, and the Alaska Division of Geological and
Geophysical Surveys in operating the Alaska Volcano Observatory
(AVO) . Under this program, our project monitors the seismicity of
the active volcanoes flanking Cook Inlet and operates six— and an
ten-station arrays of seismographs near Mt. Spurr and Mt. Redoubt,
respectively.

3) Cooperated with the Branch of Engineering Seismology and
Geology and the UAGI in operating 15 strong-motion accelerographs
in southern Alaska, including 11 between Icy Bay and Cordova in the
area of the Yakataga seismic gap.

Results

1) Preliminary hypocenters have been determined by the AEIC for
2049 earthquakes that occurred in southern Alaska during the period
July-December 1990. Focal mechanisms for about 250 of these events
were determined wusing initial P-wave ©polarities. Shallow
seismicity (Figure 1) tends to be concentrated in areas that have
remained active for at least the last few years. North and west of
the Chugach Mountains shallow seismicity occurs within the crust of
the North American Plate but appears to be poorly correlated with
mapped traces of principal faults. In contrast, most of the
shallow seismicity beneath the Chugach Mountains and extending
southward into near—-offshore areas is in the subducted Pacific
plate. Significant aftershock activity is continuing from the
1987/88 Gulf of Alaska sequence of large earthquakes (Lahr and
others, 1988), as indicated by the northerly-trending =zone of
epicenters along longitude 143° W and south of latitude 59° N.

Notable crustal shocks from this time period include:
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continuing seismicity (M < 2) within a tight cluster beneath
Redoubt volcano following the 1989-1990 eruption sequence
(Brantley, 1990); a magnitude 4.1 shock on November 22 beneath
Cook Inlet north of the Kenai Peninsula (near 61° N, 151° W) where
the rate of seismicity has been noticeably elevated for about two
years; and a magnitude 5.6 m, (5.2 M, NEIC) shock on July 11 in
southeastern Alaska near Glacier Bay for which a focal mechanism
determined from the polarities of initial P-waves indicates almost
pure thrust, but the direction of the axis of maximum compressive
stress is poorly constrained [R. Horner, personal communication,
1991]. No unusual patterns of seismicity were observed in or
around the Yakataga seismic gap, although both the data
completeness and the magnitude threshold for detection in this area
continue to be affected adversely by unreliable recording.

The Wadati-Benioff seismic zone (WBZ) within the subducted
Pacific plate is clearly expressed by earthquakes located deeper
than 30 km depth (Figure 2). The largest event that occurred
during this time period was a magnitude 5.6 (5.3 m,, NEIC) shock on
August 13 located 73 km deep beneath Iliamna volcano, where WBZ
shocks in the magnitude range 5-6 occur about once a year. A shock
of magnitude 5.3 (5.1 m,, NEIC) on December 28 was located 74 km
deep in the WBZ near latitude 63° N, longitude 148.6° W. Sixteen
other shocks had magnitudes of 4 or larger.

2) The last significant eruption of Redoubt volcano occurred on
April 21, 1990, and since then the rate of volcano-tectonic
seismicity at the volcano has continued to decline slowly. Nearly
all of the recent seismicity is located at depths of 2 to 10 km
within a broad (~ 9 km—wide) zone that extends 5 km north from the
summit, but most is concentrated beneath the summit.

In July, episodes of vigorous steaming activity began to occur
[G. Tytgat, personal communication, 1991]. On Helicorder records,
these events appear to have high-frequency (~ 10 Hz) onsets
followed by sustained energy near 2 Hz lasting up to about 40
minutes. Many of these events appear as weak signals on SSAM
(seismic spectral amplitude measurement) records. The rate of
occurrence and recorded amplitudes of steam events increased
rapidly at the end of August, decreased slowly until late November,
increased rapidly again and remained high until late January, 1991,
and then gradually declined until at least mid-April.

A distinct change beginning November 4 was noted in the
character of SSAM records for seismographs located within 3 km of
the dome. For periods ranging from a few hours to more than a day,
sustained excitation with energy predominantly in the frequency
range 1.3-2.1 Hz was observed. These signals often began and
terminated abruptly. Because of similarites to signals generated
by the swarms of long-period events that preceded many of the
earlier eruptions, the level of concern color code (Brantley, 1990)
was raised from yellow to orange on November 5, which prompted
resumption of 24-hour monitoring of the volcano. By November 9, it
became apparent that a different process, such as the interaction
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of ground water with a buried heat source, was causing these
signals, and the level of concern color code was lowered to yellow.

3) Microearthquakes that occurred beneath western Prince William
Sound were relocated using a velocity model derived from results of
the 1988 TACT marine seismic reflection/refraction profiling
experiment. Nearly all of the well-constrained hypocenters occur
in a 10-to-20 km thick zone below a depth of about 18 km. The
upper surface of this seismic zone coincides with a pronounced,
regional seismic reflector (Brocher and others, 1991). Focal:
mechanisms typically indicate an axis of least compressive stress
that dips at a low angle to the west or northwest. The earthquakes
are interpreted as defining the shallow, subhorizontal part of the
Aleutian Wadati-Benioff =zone, and the reflector as marking the
overlying megathrust. The megathrust, which slipped on the order
of 20 m in 1964 in the second largest earthquake of this century
(M, 9.2), is practically aseismic today.

4) Seismic data from Alaska has been inverted to obtain a
tomographic image of the velocity structure down to a depth of 200
km. This work (Kissling and Lahr, 1991) used an approximate
solution to the full inversion, so results are preliminary. The
most striking anomalies occur beneath the Kenai Peninsula - Cook
Inlet region, where the subducted Pacific plate appears as a slab
of high P-wave velocity (up to +5%) beneath a low velocity (up to -
10%) zone. The Wadatti—Benioff zone (WBZ) seismicity tends to lie
within the high-velocity gradient zone between these anomalies,
although in some regions the seismicity is located well within the
region of low velocity. Further inversion work is planned to
verify the relative location of the earthquake zone with respect to
the anomalies.

P-wave first—-motion data for events within the WBZ were used
to determine composite focal mechanisms. The T-axes of these
mechanisms tend to remain parallel to the dip of the WBZ as is
increases from about 10° to 60°. This pattern is consistent with
WBZ earthquakes occurring within a contiguous plate which is
sinking due to gravitational forces and acting as a stress guide.

5) No strong—-motion recorders were triggered by earthquakes in
southern Alaska during the last year.

6) The digital signal co-processing (DSP) board used with the
XDETECT online data acquisition system (Tottingham and Lee, 1989)
has been upgraded from a 5 MIPS unit to a 25 MFLOP unit. With this
modification, the number of data channels for which spectral
analysis can be performed in real time has been increased from 32
to 64 while achieving both higher dynamic range and a better
signal-to—-noise ratio.

A network of pressure sensors will be installed this summer to
monitor for explosive eruptions at the Cook Inlet volcanoes.
Analog signals will be telemetered to the AVO recording center in
Fairbanks via standard FM telemetry channels used for seismic data.
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To accomplish this, a new interface was designed to connect the
voltage output of the pressure transducer with the telemetry
hardware.
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Figure 1.

SOUTHERN ALASKA SEISMICITY, JULY — DECEMBER 1980
DEPTHS 30 KM AND SHALLOWER, 874 EVENTS
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Figure 2.

SOUTHERN ALASKA SEISMICITY, JULY — DECEMBER 1990
DEPTHS BELOW 30 KM, 1125 EVENTS
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9930-01160

Fredrick W. Lester
Branch of Seismology
U.S. Geological Survey
345 Middlefield, MS 977
Menlo Park, CA 94025
(415) 329-4747

Investigations

1.

In 1966 a seismographic network was established by the USGS to monitor earthquakes in
central California. In the following years the network was expanded to monitor earthquakes
in most of northern and central California, particularly along the San Andreas Fault, from
the Oregon border to Santa Maria. In its present configuration there are over 500 single
and multiple component stations in the network. The primary responsibility of this project is
to monitor, process, analyze, and publish data recorded from this network.

This project continues to maintain the primary seismic data base for the years 1969 to the
present on both computers and magnetic tapes for those interested in doing research using the
network data. As soon as older data are complete and final the preliminary data base is
updated with the final phases and locations.

Recently video has become increasingly useful in documenting research activities being con-
ducted by the USGS, especially activities related to the Parkfield Prediction Experiment. In
addition, computer animation of geophysical data sets have allowed researchers to study the
data in time series and in 3-dimensions. The two technologies work well in communicating
the research being done here to a wide audience that includes other geoscientists as well as
untrained but interested laymen who are able to understand the material when it is presented

in a visually appealing way.

As time permits some research projects are underway on some of the more interesting or
unusual events or sequences of earthquakes that have occurred within the network.’

Results

Figure 1 illustrates 9709 earthquakes located in northern and central California and vicinity
during the time period October 1990 through March 1991, That level of activity is normal for
a six month time period. The largest earthquake located for the month occurred on October
23 near Mono Lake along the eastern border of California. That earthquake had a magnitude
of 5.7 and was followed by 140 aftershocks through March 1991. More than 50 of those were
recorded in the first 24 hours, with the largest, a M4.1 shock, occurring approximately 4
minutes after the mainshock.

Seismic data recorded by the network are being processed using the CUSP (Caltech USGS
Seismic Processing) system. CUSP was designed by Carl Johnson in the early 1980’s and has
since undergone some revisions for the Menlo Park operation. On September 1, 1989 we
began using revised CUSP software in a generic format. This new format makes CUSP more
universally acceptable to groups that are using or plan to uvse it in the future because the
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commands are relatively non-specific to any particular group operation.

In late October 1990 we began using new software and hardware to process the earthquake
data. At that time we converted from very old DEC PDP 11/44 computers and Tektronics
4014 terminals to newer and much faster DEC VAXstation 3100 computers. The new works-
tations now perform all of the functions of the older computers and terminals, and more,
including automatic event detection and preliminary processing, and final manual processing.
The new program used for final manual processing of the data is called TIMIT. This new
program incorporates the old processing program QED, plus includes many new features
which make processing much smoother, faster, and more efficient.

This year we plan to begin publishing, probably on a monthly basis, a preliminary catalog of
earthquakes for northern and central California. The format is not yet established but it will
probably be some type of listing of events accompanied by a text explaining the processing
and what is in the catalog, and a map showing the epicenters. The catalog will be approxi-
mately complete at the magnitude 1.5 in the central core of the network and something
approaching M2.0 in the more remote portions of the net. The final data will be published in
an annual catalog after year’s end. Steve Walter has begun work on publishing catalogs for
the years prior to 1991.

The current catalog is relatively complete and correct through February 1991. The data from
March are somewhat incomplete and some errors still remain to be identified and corrected.
Also, quarry blasts need to be identified for January through March.

New hardware was purchased for the new Geologic Division video editing room by Steve
Walter. He is currently setting up the new facility which will greatly enhance our ability to
produce high quality videos.

Steve Walter continues to investigate the seismicity in the Medicine Lake region. He is co-
author of paper in press that describes the historical seismicity and crustal deformation in that
region. Also, Steve presented and definitive paper describing 10 years of seismicity in the
region around Mount Lassen, Mount Shasta, and Medicine Lake at the Spring SSA-GSA joint
conference in San Francisco.

Nan Macgregor and Dave Oppenheimer presented at paper at the Spring SSA-GSA conference
that assessed the potential for earthquakes in the east San Francisco Bay region.

Reports

Dzurisin, D., Donnelly-Nolan, J., Evans, JR., and Walter, SR., (in press), Crustal sub-
sidence, seismicity, and structure near Medicine Lake, California, Journal of Geophysical
Research, 43p.
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Walter, S.R., 1991, Ten years of earthquakes at Lassen Peak, Mount Shasta and Medicine
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Western Great Basin - Eastern Sierra Nevada
Seismic Network

Cooperative Agreement 14-08-0001-A00
1 October 1990 - 31 March 1991

W.A. Peppin and D.M. dePolo
Seismological Laboratory
University of Nevada
Reno, NV 89557
(702) 784-4315

Investigation

This contract supported continued operation of a seismic
network in the western Great Basin of Nevada and eastern
California, with the purpose of recording and locating
earthquakes occurring in the western Great Basin, and
acquiring a data base of phase times and analog and digital
seismograms from these earthquakes. Research using the data
base was performed under USGS contracts 14-08-0001-G1524 and
14-08-0001-A0618 and is reported elsewhere in this volume.

Results

bDuring the time period 1 October 1990 to 31 March 1991 2,601
earthquakes were registered by the University of Nevada within
the University of Nevada seismic network, which monitors the
eastern Sierra Nevada - Western Great Basin area with special
emphasis on the Mammoth Lakes/Long Valley caldera region
(Figure 1). Of the 2601 events located during this six month
period, 45 were magnitude 3 and greater and three exceeded 4
in magnitude, the 24 October 1990 Lee Vining-Mono Lake
earthquake (Mc 5.0), the 5 November 1990 (Mc 4.0) Lee
Vining-Mono Lake aftershock and the 2 January 1991 Carson City
event (Mc 4.6). Figures 1 and 2 show a map of these events.
Three significant swarms occurred during this period, the Lee
Vining-Mono Lake sequence, the Carson City sequence and a
burst of activity in the Long Valley caldera near the
southwest flank of the resurgent dome. Although seismicity
has been intense in the caldera, this statistic is misleading
because of the very dense station coverage near this area.

Seismicity in the vicinity of the caldera is shown in Figure
2, and is dominated by five groups of events, numbere

through 5 in this figure. 1 is the Lee Vining-Mono Lake swarm
of earthquakes, 2 continulng south-moat activity which had a
significant increase in late March 1991. Because of the
reactivation of wuplift (Dec 1989) and the close proximity of
the swarm to the town of Mammoth Lakes, this activity commands
special attention and warrants careful monitoring. 3 is the
seismicity in the mountain block south of the caldera, which
appears to be the most consistent and steady source of
earthquakes in this region. 4 are continuing aftershocks of
the the November 1984 Round Valley earthquake, and 5 are
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continuing aftershocks of the 1986 Chalfant Valley sequence.

Catalogs covering the seismicity are shortly to be published
for the time period up to 31 December 1989. The previous
network computer system, consisting of a PDP11/70 and a
PDP11/34 was replaced by the Microvax/CUSP system on 7
November 1989. The completion of a bulletin through 1989 will
put, 1in a single place, all of the information taken from the
PDP11/70 system. Every effort has been made to maintain
consistent procedures in making the transfer to the CuUSP
system, so that the completeness of the catalog, the
computation of magnitudes, and the location procedures will be
comparable. However, researchers should note that some
inconsistency 1is bound to creep in, so use caution. Before 7
November 1989 all of the catalog locations were obtained from
the PDP11/70 system; after 1 January 1990 all come from the
CUSP system; for the two months November and December 1989 the
catalog contains a mix of events. Because of considerable
computer down time in December 1989, quite a bit of data was
lost. We are now working on merging data with the USGS CUSP
system in Menlo Park to recover this lost data, and plan to
include this in our bulletin as well.

With the onset of the CUSP system, the network data stream now
includes calibrated digital waveforms from nine wideband (0.05
to 20 Hz) three-component digital stations located around this
region (Fiqure 1). Therefore, the MEM/GRM file pairs after 7
November also contain this information together with the
uncalibrated vertical waveforms used for earthquake timing.
Also operating on the Microvax system is an Exabyte data
logger, which continuously records the incoming digital data
on tape, and is being kept as an ongoing data 1library,
providing access to data for distant teleseisms and large
events. Calibration pulses for the digital stations (not
complete at this writing) are found on the UNR Microvax system
in ROOTS$DUAO:[CALPULSES]. The UNR computer can be reached
either by 1200-baud remote modem (numbers 702-784-1592 or
702-784-4270): please call Bill Peppin at 702-784-4975 for
information how to log onto the computer (KERMIT is
available). The microvax cluster can also be accessed through
the TELNET address 134.197.33.248 and supports TCP/IP
communications through the FTP file transfer package from
Multinet.
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Nevada — Western Great Basin Seismicity
1 October 1990 through 31 March 1991
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Mammoth — White Mountains Seismicity
1 October 1990 — 31 March 1991
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Shallow Seismic Reflection Surveys in the New Madrid Seismic Zone

14-08-0001-G1925
9950-1896

Eugene S. Schweig, III
Lisa R. Kanter
Center for Earthquake Research and Information
Memphis State University
Memphis, TN 38152
(901) 678-2007

Eugene A. Luzietti
Kaye Shedlock
Branch of Geologic Risk Assessment
U.S. Geological Survey, Box 25046, MS 966
Denver, CO 80225
(303) 236-1621

Objectives:

Although the New Madrid seismic zone (NMSZ) is the most active seismic
zone east of the Rocky Mountains, it has little surface expression. Surface faulting
from the great 1811-12 earthquake sequence has not been unambiguously identified,
and the presence of additional faults with Holocene activity is uncertain. ~ Our ob-
jective is to examine several intriguing and potentially seismogenic tectonic features
in the vicinity of the NMSZ using high-resolution seismic reflection data to deter-
mine the role that faulting has played in their origin and the age and amount of
displacement on the faults. This project is a collaboration of the authors named
above at Memphis State University and the U.S.G.S and Roy VanArsdale at the
University of Arkansas. This report describes results for the Bootheel lineament of
Missouri and Arkansas and the Crittenden County fault zone of Arkansas. Another
part of the project, a study of Crowley's Ridge, Arkansas, is described in the report by
VanArsdale in this volume.

Results to date:

During the summer of 1990 we acquired 27 km of shallow, high-resolution
Mini-Sosie reflection data, which were processed at the U.S5.G.S. For each line we
collected one second of two-way travel time, corresponding to approximately the
upper 1.2 km of the crust. Data quality was generally high. We were able to image
reflectors between depths of about 50 m and 800 m.
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We collected eight seismic reflection profiles, totalling 11.5 km in length, across
the Bootheel lineament, which has been proposed as a possible surface rupture of
the 1811-12 earthquake sequence. The Bootheel lineament is associated with 1811-
12 liquefaction and fissuring and is the site of topographic anomalies. We wanted to
find out whether it is also the site of subsurface faulting. Five profiles were collected
across the main trace of the lineament and three profiles were collected over a paral-
lel, less-distinct trace about 4 km to the west.

Regional focal mechanisms suggest that dextral offset would be expected on the
Bootheel lineament. Gentle folding with wavelengths of about 800 m and ampli-
tudes of 10 m to 25 m is evident on nearly every profile, generally coinciding with
the surface traces of the lineament. The profiles identify some zones of deformation
that had not been traced on the surface. Zones of disruption, in which reflectors dis-
appear, underlie several lineament traces. The overall picture is of a complex zone
of deformation consisting of multiple flower structures and fractured rock, with de-
formation at least as young as the base of the Quaternary (Figure 1). We will acquire
additional lines during 1991 to further resolve the geometry and age of these fea-
tures.

The subsurface Crittenden County fault is known from borehole data in Crit-
tenden County, Arkansas, where it displaces Cretaceous and Paleozoic rocks and lo-
cally preserves Devonian section beneath the Cretaceous unconformity. On propri-
etary petroleum industry seismic lines, the fault appears as a northwest-dipping re-
verse fault with splays, displacing the top of Paleozoic and top of Cretaceous reflec-
tors. This structure lies only 30 km from the Memphis, Tennessee area, thus infor-
mation on its nature and age are critical to seismic risk assessment.

We ran nine Mini-Sosie profiles, eight of which crossed the Crittenden County
fault. By combining well logs from local boreholes with log and lithologic descrip-
tions from adjacent counties, we were able to confidently identify several of the re-
gional reflectors on our profiles. At the level of the Cretaceous reflector, the Crit-
tenden County fault appears as a northeast-trending fault zone several hundred me-
ters wide; within the Paleocene and Eocene section, the structure is a down-to-the-
southeast monoclinal flexure, with minor faulting in places (Figure 2). We there-
fore propose the term Crittenden County fault zone for this feature. The amount of
relief across the flexure increases to the southwest, reaching approximately 80 m in
the Paleocene Fort Pillow Sand on line BS-1. The profiles indicate that most of the
stratigraphic thinning over the flexure occurred during and after deposition of the
Eocene Memphis Sand. Although it is not always clearly imaged, the Tertiary-Qua-
ternary boundary reflector shows arching and disruption over the Crittenden
County fault zone, suggesting very young activity on the zone. We plan to further
delineate the extent, magnitude, and age of most recent activity of this zone in fu-
ture work.
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Figure 1. Profile BS-6 across the Bootheel lineament in southeastern Missouri.

44



MIGRATION STACK., BS-1

R PR 15 S SO

* .:,U-#. w vt 'ﬁ'

3 e : .zr‘ .' ‘h§ «:L V :«%ﬁ:’ﬁ*

':': :" sj,"""f{' f'f‘f}'i; 3 e ‘ Ems ) (31\{{'3 ﬂ.f%f

i3 'Pf*;&..si.’ﬁ.'.’{{" ﬁ%‘&, “ }%l ﬁtg' 'ri'f"é:

m _f == k-.‘f i (iigéf?%{;w >l%§§§ 3}%};;}’“ iq
g ;" SR o ;ﬂnx S é?m, “"T; %)
= { : ..& ( b jlﬁ;( E%" pr us«r’mz

o - L = e .

¢ .6 m} ui;--. :.3?« i i }}ffv il
!i o Iﬁi'i:%ﬁ"‘ﬁ*?fx . - e r;,w;]f}
“ﬁi«,"“ . hi%i*zﬁ%%ﬁ*%%‘%%’i%ﬂ L o H',p .
!,iml){})’}q 4,{;)4111’!3! x."é-" Ly i rg) j ﬂg&! 1% %; ! gi 1 ﬁii{u gﬁ%

......... "!;',; {:;:,{;rf; il B.,.-;g' i o e K o 1"{@’4“13]’ )
Bl e

i uuz« B {i( L iiﬁiﬁ i {i!iihiﬁﬂiﬂ “ !i .

Figure 2. Profile BS-1 across the Crittenden County fault Zone, Arkansas. K = top of
the Cretaceous section; Ppc = top of the Porters Creek Clay; Pfp = top of the
Fort Pillow Sand; Efi = top of the Flour Island Formation; Ems = top of
the Memphis Sand; Q/T = Quaternary-Tertiary boundary.
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Investigations

The purpose of the network is to monitor seismic activity in the Central
Mississippi Valley Seismic zone, in which the large 1811-1812 New Madrid
earthquakes occurred. The following section gives a summary of network
observations during the last six months of the year 1990, as reported in Net-
work Quarterly Bulletins No. 65 and 66.

Results

In the last six months of 1990, 112 earthquakes were located by the 40
station regional telemetered microearthquake network operated by Saint
Louis University for the U.S. Geological Survey and the Nuclear Regulatory
Commission. Figure 1 shows 112 earthquakes located within a 4° x 5° region
centered on 36.5°N and 89.5°W. The magnitudes are indicated by the size of
the open symbols. Figure 2 shows the locations and magnitudes of 90 earth-
quakes located within a 1.5° x 1.5° region centered at 36.25°N and 89.75°W.

In the last six months of 1990, 44 teleseisms were recorded by the PDP
11/34 microcomputer. Epicentral coordinates were determined by assuming a
plane wave front propagating across the network and using travel-time
curves to determine back azimuth and slowness, and by assuming a focal
depth of 15 kilometers using spherical geometry. Arrival time information for
teleseismic P and PKP phases has been published in the quarterly earthquake
bulletin.

The significant earthquakes occurring in the last six months of 1990
include the following:

August 7 (0505 UTC). New Madrid, Missouri Region. mbLg 3.0 (SLM). Felt
(IV) at Wyatt, Missouri and (IIT) at Wolf Island, Missouri.

August 29 (1934 UTC). Tennessee. mbLg 3.5 (NEIS), 3.4 (TUL). Felt (V) at
Ripley; (IV) at Burlison, Henderson and Henning; (IIl) at Covington, Gates
and Munford, Tennessee. Also felt (IV) at Blytheville and Tomato; (III) at
Armorel, Manila and Osceola, Arkansas.

September 26 (1318 UTC). Cape Girardeau, Missouri Region. mbLg 5.0 (TUL),
4.8 (BLA). MD 4.7 (SLM). Slight damage in the Cape Girardeau area and in
southern Ilinois. Felt (V) in many areas of southern Missouri, southern
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Ilinois, and western Kentucky. Also felt in Indiana, Arkansas, Tennessee and
at Cincinnati, Ohio.

September 27 (0147 UTC). Cape Girardeau, Missouri Region. mbLg 3.0
(NEIS), 3.2 (TUL). MD 3.3 (SLM). Felt (IV) at Benton and Scott City; (III) at
Allenville, Dutchtown and Oran; (II) at Cape Girardeau. Felt (IIT) at Thebes,
Nlinois. Also felt at Paducah, Kentucky.

October 24 (0820 UTC). Southern Illinois. mbLg 3.5 (NEIS), 3.2 (TUL). MD
3.4 (SLM). Felt (IV) at Bluford, Dix, Richview, Tamaroo and Woodlawn; (III)
at Centralia, Dahlgren, Irvington, Johnsonville, Kell, McLeansboro, Murphys-
boro, Radom and Vernon.

October 30 (0655 UTC). Cape Girardeau, Missouri region. mbLg 2.3 (NEIS).
Felt at New Hamburg and in the Cape Girardeau area.

November 09 (0339 UTC). New Madrid, Missouri region. MD 3.4 (SLM).
mbLg 3.6 (NEIS). Felt (V) at Conran and Dexter; (IV) at Baderville, Catron,
Lilbourn, New Madrid and Portageville; (III) at Canalou, Jackson, Kewanee,
Matthews, Parma and Risco. Felt (IV) at Tiptonville and Wynnburg, Tennes-
see. Also felt at Paducah, Kentucky.

November 21 (1607 UTC). New Madrid, Missouri region. MD 2.7 (SLM).
Felt (IIT) at Ridgely, Tiptonville and Wynnburg, Tennessee; (II) at Finley and
Mason Hall, Tennessee.

December 17 (0524 UTC). Ilinois. MD 3.2 (SLM). Felt (IV) at Crawfords-
ville, Lafayette and Waynetown, Indiana. Felt (III) at Bainbridge, Battle
Ground, Darlington, Kentland, Ladoga, Logansport, Mulberry, New Market,
New Ross, Radnor, Roachdale and Veedersburg, Indiana. Also felt (IIl) at
Danville, llinois.

December 20 (1404 UTC). Indiana. mbLg 3.6 (BLA). Felt (V) at Bainbridge,
Danville, Greencastle, Putnamville, Quincy and Roachdale. Felt (IV) at Amo,
Clayton, Cloverdale, Coatesville, Eminence, Fillmore, Martinsville, Monrovia,
Nashville, Reelsville, Russellville and Stilesville.

The September 26, 1990 New Hamburg, Missouri earthquake was the
third largest event in the central Mississippi Valley during the last 16.5 years.
A report summarizing the focal mechanism and aftershock monitoring of this
event can be found as an appendix to CMVSN Bulletin #65 (Taylor and
Wuenscher, 1990).

A composite focal mechanism for the mainshock and principal aftershock
was calculated from forty-four P-wave first motions. A modified version of
FOCMEC (Snoke et al., 1984) was used to search for all consistent mechanisms.
585 solutions met the search requirements of having three or fewer incon-
sistencies. The distribution of solutions is shown in Figure 3.

As one can see in Figure 3, the distribution of T-axes is bimodal and one
average mechanism will not be representative of all solutions. Of the 585
solutions, 471 (80.5 percent) have T-axes clustered to the northwest, while the
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other 114 (19.5 percent) have T-axes clustered to the southeast. Therefore,
the entire population was split and two average mechanisms were calculated.
For the 80.5 percent, Mech “A” is the average solution. This mechanism has
NP1: strike = 14.2°, dip = 78.2°, slip = 161.2°, NP2: strike = 108.2°, dip =
71.6°, slip = 12.5°; T-axis: trend = 330°, plunge = 21°, P-axis: trend = 62°,
plunge = 4°. The ©,. (polar equivalent of two standard deviations) are 20
and 22 degrees for the P- and T-axes respectively. For the remaining 19.5 per-
cent, Mech ”B” is the average solution and has NPI: strike = 198.0°, dip =
74.9°, slip = 158.9°, NP2: strike = 293.8°, dip = 69.6°, slip = 16.1°; T-axis:
trend = 155°, plunge = 25°, P-axis: trend = 246°, plunge = 4°. The € are 14
and 15 degrees for the P- and T-axes respectively. Both of these mechanisms
are shown in Figure 3.
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Pressure and tension axes for all acceptable solutions having three or
fewer inconsistencies. The distribution of "P” and "T” axes shows

there are two possible average solutions. There are 585 solutions in
the figure.

MECH "A" MECH "B"

New Hamburg, Missouri main shock and aftershock compaosite focal
mechanisms with pressure and tension axes shown by “P” and "T”.
Compressional first motions are shown by circles, dilatations by tri-
angles., Mech “A” and Mech “B” are two alternative solutions based
upon the bimodal distribution of solutions in the figure above.

FIGURE 3
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Consolidated Digital Recording and Analysis
9930-03412
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Investigations.

The "Consolidated Recording and Analysis™ project has as its primary

goal the design, development and support of computer-based systems for
processing earthquake data recorded by large, telemetered seismic
networks. This includes (1) realtime systems capable of monitoring up

to 1000 stations and detecting and saving waveforms from

earthquakes registering just slightly above background noise level

to very large ones, (2) near-realtime and offline systems to analyze,
catalog and archive the detected waveforms, (3) support and documentation
for the users of the system.

Hardware for these systems is based upon Digital Equipment Corporation
(DEC) VAX series of micro—computers. Currently, this includes the
VAX 750, microVAX II, and VAXstations 2000, 3100 and 3200.

Software is based upon the DEC/VMS operating system, the CUSP database
system, and the GKS graphics system. VMS is a major operating system,
well documented and developed, and has a rich variety of system services
that facilitate our own system development. CUSP is a state-driven data
base system designed for systematically processing large numbers of
earthquakes recorded by large local seismic networks. It was developed
by Carl Johnson of the USGS. GKS is an international-standard graphics
analysis package that provides interactive input facilities as well as
graphical output to a workstation. We use the DEC implementation of GKS.

The main goal for the last year has been to complete development of the
"Generic" version of CUSP. This is a more modular, more generalized, more
integrated version of CUSP than the one we have used since 1984. The Generic
CUSP consists of a realtime earthquake event detection and processing
module, the earthquake (offline) processing module (QED, Quake EDitor)

a new interactive graphics module known as "TIMIT", a new interactive
station display program known as "STNMAP", and extensive online
documentation in the form of "help" files. Generic CUSP retains

the use of the Tektronix 4014 graphics terminals with the high-speed
graphics - interface, and adds the ability to use the DEC VaxStation

series of workstations for interactive graphic analysis of

earthquakes.

Results.

1. Since 1984 the CALNET network processing proj-ct

(see Project 9930-01160, Rick Lester, this vclume)

has used CUSP system software developed in the early 1980's

to process waveform data from earthquakes occurring primarily
within the network. The hardware consisted of two DEC PDP 11/44
computer systems, and two Tektronix 4014 graphics terminals.
Magnetic tape operations were required at several steps in the
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Reports:

processing.

During October 1990 the CALNET project completed the
transition from the 11/44 CUSP system to a ’Generic’ CUSP
system built around DEC VAXstation 3200, 3100 and 2000 hardware
and the VAX/VMS operating system. The hardware/software systems
are integrated into an earthquake processing environment by using
DEC Local Area VaxCluster (LAVC) software and appropriate
networking hardware.

2. A program to convert CUSP digitized seismogram files into
the Lamont AH format with the SUN XDR (External Data Representation)
format was written and is now in routine use. This is a very
significant improvement in the ability to convert CUSP data and
digitized waveforms to a format immediately usable in a non-~-CUSP
environment.

3. A program to convert CUSP digitized seismogram files into
the SEG-Y format was written and is now available.

4. The RTP-to-CUSP software was re-written and is being
tested. The main change was to replace DCL command routines
with the equivalent Fortran programs. The net result is less
demand on the CPU, more efficient error-—handling, and more
efficient maintenance and modification of the software.

5. We continue to provide hardware and software support for the
two Parkfield seismic networks (Varian and Haliburton). We also
provide CUSP software support for INEL (Idaho National Engineering
Laboratories), CUSP software and operating system support for UNR
(University of Nevada at Reno), and CUSP software support for the
Caltech/USGS Cooperative Seismic Network in Pasadena.

6. We continued responsibility for providing general VAX/VMS
computing services to the Branch of Seismology in Menlo Park.

None.
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INVESTIGATION

Monitor earthquake activity in the Los Angeles Basin and the adjacent offshore
area. Upgrade instrumentation by installing large dynamic telemetry systems and deploying
downhole seismometers. Carry out waveform analysis for crustal anisotropy and stress
field determination. Investigate the reflected and converted phases to delineate the Los
Angeles basin-basement contact .

RESULTS

During 1990, a total of 690 earthquakes were located in the Los Angeles basin and
its offshore area. The February 28, 1990 Upland sequence with a M=5.5 main shock
accounts for more than half of the events recorded in 1990. In the meantime, Santa Monica
bay, the Newport-Inglewood fault, and the Whittier fault and its NW extension have been
seismically active. Figure 1 shows the 1990 seismicity in the greater Los Angeles basin.
About 95% of the reported 1990 events have magnitudes less than My, =3.0. A total of 36
events have My > 3.0. The number of earthquakes per day in the Los Angeles basin
during 1990 is shown in Figure 2. The large peak beginning on February 28 corresponds
to the Upland earthquake sequence. The detection threshold and location precision are
being improved constantly. Figure 3 gives the capability of the Los Angeles Basin Seismic
Network's (LABNET) current resolutions on epicenter and focal depth.

The continued increase in the number of recorded earthquakes can be explained in
part by the improvement of the seismic network coverage that allows lowering of the
detection threshold with more precise locations. But an overall increase of seismic activity
in the Greater Los Angeles area has been recognized in the recent past. The October 17,
1987 Whittier Narrows earthquake (M, = 5.9) was followed by a very long aftershock
sequence with a large number of events that lasted well into 1988; this activity has not died
out completely, even in 1990. Meanwhile, the first Upland sequence occurred on June 26,
1988 with a main shock My, = 4.6. A large swarm occurred in Santa Monica bay on
January 19, 1989, some 25 km off the coast south of Malibu, with main shock M, = 5.0;
this activity is still on-going during 1990. During this reporting period, an even larger
swarm, the second Upland sequence, occurred on February 28, 1990 with main shock Mr,
= 5.5. This second Upland sequence was very strong; it consisted of at least three large
aftershocks in the range of My, = 4.6-4.7 and the aftershocks accounted for more than half
of the recorded and located events in 1990. The two Upland sequences form a NE-
trending aftershock zone; this orientation is more obvious from the fault-plane solutions.
Both sequences are believed to have occurred on a NE-trending fault that undergoes left-
lateral strike-slip movement.
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The mechanisms of four Upland events are given by their fault-plane parameters:

Magnitude ~ Strike Dip Rake
1. February 28, 1990 M=5.5 310 70 0
2. March 1, 1990 M=47 316 70 349
3. March 2, 1990 M=4.6 295 75 10
4, April 17, 1990 M=4.6 315 70 0

All four fault planes are very consistent, showing left-lateral strike-slip motions.

A shear-wave splitting analysis was performed using seismic waveform data. The
result is interpreted in terms of microcrack distribution and orientation in the upper crust.
Figure 4 gives a sample of the shear-wave splitting data and the associated particle diagram.
It is found that microcracks in the Los Angeles basin are oriented NS and nearly vertical,
with a crack density between 0.04 ~ 0.06. This implies a NS regional compression
operative in the Los Angeles basin area. However, close to the thrust fault regions, such as
along the Palos Verdes fault and the Malibu-Santa Monica fault, the microcrack orientation
may turn sub-horizontal due to the thrust motion. A stress mapping summary is given in
Figure 5 with the solid dots with thick arrows showing the crack of stress orientation.
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